ABSTRACT: Spectrally controlled diffusion and reflection of light are key operations for light management in many optical devices. Integration of this operation in complex nanophotonic devices requires a 2D interface that provides tailored spectrum and directivity control. Here, we present a metagrating superstructure that realizes a resonant light reflector with tailored angular scattering profile. Millimeter-sized metasurfaces are built from arrays of combined supercells of 20−50 μm, composed of 5−7 differently pitched metagratings that tailor at will and with large efficiency the angular response. Each supercell is composed of one or more Si Mie resonators, arranged in a periodic array above an Ag back plane and tailored to resonantly scatter light at 650 nm into only the ±1 diffraction orders with very high efficiency. By varying the pitch and supercell design, we can tailor the overall metasurface reflection profile with large flexibility, realizing a broad-angle Lambertian-type scattering metasurface, as well as a large-angle (35−75°) scattering metasurface, both with resonant optical scattering efficiencies above 70%. These ultrathin structures, fabricated using thin-film deposition, electron beam lithography, and reactive ion etching, can find applications for light trapping and spectrum splitting in solar cells and other devices.
M aterials to control light diffusion are traditionally composed of randomly packed high-index particles that support multiwavelength scattering. These materials are typically based on multiple random scattering events and therefore need to have thicknesses much larger than the optical wavelength. The properties of random media used for light scattering in solar cells, 1,2 random lasing 3, 4 and investigation of Anderson localization 5, 6 have been intensively studied. Random media often used in these studies consist of various types of "white paint". 1−3 Artificially made random media for light diffusion such as photonic glass 4 and Mie glass 7 have also been demonstrated.
For various applications, it is important to have randomly scattering devices with a much smaller thickness. In recent years, the metasurface literature has offered different solutions for flat two-dimensional surfaces providing diffuse scattering. So far, these solutions have been based on phase-coded metasurfaces, engineered by distributing a limited number of inclusions in a random-like fashion to locally manipulate the phase, amplitude, and polarization of light and thereby the shape of the scattered wavefront. Some work has been done on phase-coded metasurfaces for diffuse-like scattering with quasirandom phase coding in the microwave and infrared regime. 8−10 Metasurface diffusers at optical wavelengths were also studied, and their far-field response and performance for speckle-free imaging was studied. 11−13 However, graded metasurfaces composed of passive scattering surfaces have a fundamentally limited beam bending efficiency. 14−16 In this work, we demonstrate efficient broad-angle and largeangle light scattering from metagratings formed by locally periodic arrays of carefully tailored inclusions above a reflecting backplane, applying and extending a rigorous analytical theory that was introduced by Ra'di et al. 17 In the optical spectral range, a metagrating is composed of resonantly scattering plasmonic or Mie particles placed in a periodic array above a metal reflector, supporting a discrete set of grating orders. For a well-chosen scattering cross section and spacing between scatterers and reflector, the specular reflection at resonance is fully canceled by destructive interference of reflection from the back mirror and the zeroth order Floquet scattering mode. 17 In addition, the resonant scatterer geometry can be designed to only allow scattering power in one desired diffraction order and to completely suppress scattering into all other allowed orders. Metagratings can be designed to operate around a resonant wavelength, with a tailored angular scattering profile, and an efficiency that is fundamentally limited only by absorption in the involved materials. 17 They can operate using either magnetic 17 or electric resonant modes. 18 Freeform inverse designs and fully analytical schemes to design metagratings employing diffraction gratings have been investigated. 19−21 This concept has also been employed to tailor wavefront control in transmission and reflection 22−24 using optimized scatterers with a shaped emission profile, without a direct link with theory.
Here, we design a metasurface that combines multiple metagratings with different periodicities placed side by side in a supercell to create a reflector with a precisely engineered scattering profile. We extend the metagrating theory 17 and use numerical optimization to create a design based on magnetic Mie modes, experimentally demonstrating the functionality of the combined metagratings. A key feature of the proposed metasurface design is that it relies on a well-defined and precisely engineered scattering profile, in contrast to most random light scattering geometries based on multiple scattering.
The reflecting metasurface presented here is composed of five characteristic length scales, designed based on the following steps (see Figure 1 ): (a) Si nanoparticles are designed to have a magnetic Mie resonance in the red spectral range; (b) the unit cells are composed of one or, in part of the structure, multiple scatterers to tailor angular scattering; (c) these unit cells are then placed in periodic arrays above a Ag backplane to form a metagrating that scatters light to a single diffraction order; (d) multiple metagratings are arranged into a supercell composed of seven differently pitched metagratings to create a supercell with tailored angular scattering distribution; (e) a full-scale metasurface sample is then built up from randomly placed supercells.
Resonant broad-angle scattering profiles with well-defined angular distribution can find applications as diffusors, approaching a Lambertian scatterer. For example, resonant diffusers can enable the creation of a mat appearance effectively creating "nanostructured paint", which has applications in, e.g., colored solar cells. 25, 26 Creating structural color using dielectric nanoparticles 27−29 has been demonstrated before, focusing on spectral control rather than spectral and directivity control. To demonstrate the versatility of the metagrating design, we also demonstrate a functional surface with tailored large-angle scattering profile. This structure overcomes the typical inefficiencies faced by structures designed to scatter energy toward very large angles and can improve light trapping and spectrum splitting in (tandem) solar cells.
■ THEORY AND DESIGN
Following the work of Ra'di et al., 17 we first design a metagrating composed of an array of horizontally oriented magnetic dipoles located at a distance h above a perfect 
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Article electrical conductor [see schematic in Figure 2(a) ]. Here, we consider normally incident light and set the periodicity in order to support two symmetric diffraction orders (i.e., ±1). The distance h can be controlled so that the fields in the specular direction are fully canceled by destructive interference of light reflected from the mirror and the resonantly scattered zeroth-order Floquet grating mode. In this geometry, all light can be redirected to a single desired diffraction order (+1 or −1) by choosing the resonant scatterer geometry in such a way that scattering into the other diffraction order is nullified. Here since we aim at a symmetric angular scattering profile, we will design the metagrating to equally scatter into symmetrically directed +1 and −1 channels. Throughout the Article, we limit the calculation and experiments to 2D functionality under normal incidence; however, the same concepts can be readily extended to 3D and to any incoming illumination angle. The magnetic dipoles, induced by the incoming transverse magnetic (TM) plane
with amplitude E 0 and free-space wavenumber k 0 , form a magnetic current I H i x x m m e x t ωα = − where ω is the angular frequency, H x ext is the local magnetic field at the location of the particle, sum of the incident field, and the reaction from the array, and α m is the effective magnetic polarizability, including the array coupling. As shown earlier 17 (see also the analytical derivation in the Supporting Information), α m satisfies the generalized passivity condition = . This leads to the following condition:
For a grating with ±1 grating orders, eqs 1 and 2 lead to the design equation for the cancellation of specular reflection:
Next, we create a metasurface that is composed by a distribution of metagratings, each designed to create a symmetric scattering profile over a different angular range. Given the limited size, each of them does not offer large directivity, but this is not an issue since the overall goal is to tailor the scattering over a broad angular range. By combining several of them placed next to each other, the overall scattering distribution can be tailored with large flexibility. In our design, we choose angles in a step size of 10°, to fill a major part of the scattering profile while maintaining the lateral dimension of the metasurface supercell below 100 μm.
■ BROAD-ANGLE SCATTERING METASURFACE Numerical Simulations. Two-dimensional finite-difference time domain (FDTD) simulations were performed to design a broad-angle scattering metasurface with engineered scattering profile. The unit cells in each metagrating are composed of one or more silicon rods placed on top of a silver 
Article mirror with a silica spacing layer, surrounded by air, see Figure  2 (b). Each Si rod has a width of 85 nm and a height of 180 nm, and the silica spacing layer has a thickness of 110 nm. The parameters of the rod are kept constant in all parts of the structure as the performance does not improve substantially for the different metagratings with changing parameters. Details of the numerical optimization can be found in the Supporting Information. The structure is excited by TM-polarized light at normal incidence. The normalized electrical field distribution for a single scatterer on the silica-covered silver mirror at the resonance wavelength λ = 665 nm is plotted in Figure 2(c) , and the field lines show the typical electrical field loop corresponding to a magnetic dipole. 30 A single supercell of the structure is composed of an array of metagratings that are each composed of 2 to 7 periodically placed unit cells, to steer light efficiently toward the desired angular range. The number of unit cells for each metagrating is indicated in the schematic of Figure 1(c) , and the dimensions of all parameters are listed in Table 1 . Side-by-side metagratings are spaced by the distance of one of the periodicities. We aim the broad-angle metasurface to operate in the 0−65°angular range, with metagratings scattering from 5 to 65°. The scattering toward 0°is provided by the residual of the specular reflection, so no extra supercells are needed to cover this portion of the scattering spectrum.
To address angles below 30°, we could utilize conventional gradient metasurfaces that perform well for small angles. 14 Here, instead, to cover this angular range we extend the metagrating concept and design a surface that not only eliminates scattering into the specular direction but also has zero scatterings into higher order modes other than ±1, leaving only scattering into the first diffraction orders (i.e., ±1). To do so, we compose the metagrating unit cell (that needs a single scatterer in the case of large-angle deflection, as in the design described above) of either 3 or 6 identical scatterers, with their lateral distance tuned to achieve a scattering angular distribution that mainly couples to the first-order diffraction angle. This new approach has two advantages compared to conventional gradient metasurfaces: first, by maintaining the symmetry in the unit cell, the scattering effect remains angularly symmetric, which is ideal for our operation but not typical for gradient metasurfaces; second, the higher scattering cross section of the composite unit cell helps balance the reflection from the mirror with the resonant scattering, thereby suppressing more efficiently the specular reflection. Figure  2(d) shows the simulated angular scattering in the far field at λ = 652 nm for a finite metagrating with 5 periods and a pitch of 1538 nm [see schematic in Figure 2(b) ], composed of Si cylinders with dimensions described above. Clearly the threeparticle design reduces the specular reflection, as well as higher-order diffraction in the metagrating geometry. This extension of the metagrating design, in which multiparticle resonant scattering and grating diffraction are combined, creates a tailored angular scattering distribution over a broad angular range that covers both small and large angles. According to eq 3, the optimum spacing h to cancel specular reflection increases for larger grating pitch. For the ease of fabrication, the silica spacing layer was kept constant for all metagratings and optimized for diffraction toward 35°. Figure 3 shows FDTD simulations of the far-field intensity of light reflected off our optimized design for a broad-angle metasurface at an operational wavelength of λ = 652 nm. Detailed dimension of all elements in the full metasurface design are given in Table 1 . The metasurface supercell is composed of 7 metagratings with unit cells composed of 1, 3, or 6 Si bars placed side by side (see Figure 1) . The number of unit cells in each metagrating was chosen such that the scattering intensity follows a Lambertian cosine distribution. In Figure 3 , the effect of the distinct metagratings is seen in the discrete peaks in the scattering profile, and the overall shape follows the trend of a Lambertian profile that is overlaid for reference. We find that in this design the specular reflection is nearly fully eliminated, higher-order modes are effectively suppressed, and 95% of the incident light is scattered into the desired angular range. We note that in our simulations the scattered distribution is composed of discrete peaks. These are expected to be readily smeared out to create a smooth distribution by expanding the metagrating size and tailoring the range of metagrating pitches. In practical applications in photovoltaics the maximum number of metagratings in a unit cell is determined by the coherence length of sunlight. Figure 3 . Broad-angle metasurface. Simulated angular scattering at λ = 652 nm in the far field for the broad-angle metasurface illuminated at normal incidence composed of diffracted (red) and specularly reflected (blue) light. The dashed black line shows the angular profile of a perfect Lambertian diffuser.
Article Importantly, the angular distribution will smoothen out when a broader spectral bandwidth of excitation is considered. Experiment. Thin layers of silver (200 nm), SiO x (110 nm), and silicon (185 nm) were deposited successively on a Si substrate by electron-beam thin-film deposition (Polyteknik Flextura Evaporator). After deposition, a 40 nm layer of HSQ was spin-coated on top of the silicon (Suss Microtec Delta 80 spin-coater), patterned by electron beam lithography (Raith Voyager 50 kV electron beam lithography system) and developed in TMAH at 50°C for 1 min. After development, the rod geometry was transferred from the HSQ mask into the silicon using reactive ion etching (RIE) in a HBr 2 (48.5 sccm) and O 2 (1.5 sccm) plasma (Oxford PlasmaPro100 Cobra). The SiO x layer serves as an effective etch stop. The surface was fabricated in a 1.5 × 1.5 mm 2 field. Figure 4 (a) shows a crosssection secondary electron microscopy (SEM) image of a single Si rod and a top-view SEM image of the supercell composed of 7 different metagratings. To circumvent diffraction effects, each supercell of the metasurface is composed of a different arrangement of the same 7 metagratings. The distance between the supercells is varied from 720−7500 nm. The exact parameters of the structure for the broad-angle metasurface is listed in Table 1 .
Optical reflection spectra were measured using an integrating sphere setup with the sample tilted 8°relative to the incoming collimated beam from a broad-band light source, to capture all scattered and specularly reflected light from the surface in the integrating sphere. Additional scattering measurements were made capturing only scattering into the grating orders (i.e., without specular reflection). In this case, the sample was placed without tilt at the back side of the integrating sphere, so that specularly reflected light was reflected out through the entrance opening of the integrating sphere. Figure 4(b) shows the measured total reflection and scattering spectra of the broad-angle reflecting surface. A clear scattering peak is observed around 636 nm, demonstrating the Mie-resonant nature of the metagrating geometry. The total reflectivity of the surface in the measured spectral range is 60− 80%, with the remainder of impinging light being absorbed in the Ag back reflector and in the Si bars. This expectation is confirmed by the resonant dip in the total reflectivity at resonance.
The measurement setup for the angle-resolved reflection measurement is shown in Figure 4(c) . A collimated, spolarized beam of 636 nm light is incident on the sample surface. A detector (collection solid angle 0.0015 sr) positioned on a rotating stage around the sample allows angle-resolved measurements. In order to measure the specular reflection into the zeroth order, the beam is incident under a vertical angle tilt of 10°above the sample, and the detector is 10°below the sample. The angle-resolved measurement at the resonance wavelength [636 nm, bandwidth 2.5−5 nm, Figure  4(d) ] shows an overall spectral shape similar to simulations. In the experiment, 73% of the total reflected power is scattered into the 5−65°angular range. We attribute the remaining specular reflectivity (27%) to the fact that a fixed SiO x thickness was used for all grating periods (while the optimum thickness decreases with pitch) and small fabrication 
Article inhomogeneities. The overall Lambertian shape can be approximated in experiments, but the specular reflection as well as small angle diffraction at 5°does not follow exactly the calculated trend. These limitations can be attenuated by using an advanced metagrating fabrication procedure to fully cancel the specular component. As mentioned earlier, the metagrating approach leads to a resonant behavior of the structure. Offresonance, the metasurface shows very limited broad-angle scattering as is described below.
■ LARGE-ANGLE REFLECTOR METASURFACE
Numerical Simulation and Experimental Results. To illustrate the versatility of the metagrating design introduced here, which enables tailoring the angular scattering profile with large flexibility, we designed, fabricated, and measured a scattering metasurface that only scatters into a predefined range of large angles. Such functionality is highly beneficial, for example, in light trapping applications in solar cells, where incident sunlight must be coupled to the in-plane waveguide modes of the solar cell. 31, 32 The large-angle scattering metasurface is composed of 5 metagratings that steer light into the 35−75°angular range, with each metagrating composed of 5 unit cells including a single silicon rod. Figure  5(a) shows the numerical simulation of the far-field angular scattering distribution of a single supercell [see Figure 5 (b)] near the Mie-resonant wavelength at 660 nm. In this design, more than 90% of the incident power is scattered toward the ±1 diffraction orders. An SEM top view of the fabricated largeangle metasurface is shown in Figure 5 
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Article clearly prove the resonant scattering nature of the large-angle metasurface.
Off-Resonance Optical Performance of Metasurfaces. As mentioned earlier, the metagrating design is based on resonant scattering from the building blocks. Figure 6 shows off-resonance (λ = 500 nm) reflection measurements of the broad-angle reflector and the large-angle reflector, overlaid with the resonant data presented above, i.e., Figures 4d and 5d , respectively. The integrated off-resonance scattering efficiencies toward the grating orders are only 11% and 18% for two respective designs. This clearly shows that the proposed metagrating works on the principle of resonant scatterers. The existing off-resonance nonspecular scattering of the structure can be explained by the broad line width of the magnetic dipole resonance of the silicon rods, as well as the existence of higher order modes that were not considered in the design.
A demonstration of the metagrating working as a "nanostructured paint" can be seen in the abstract graphic, which shows two photographs of the same sample, with 4 fields of broad-angle scattering metasurfaces in the left row and 4 fields of large angle scattering metasurfaces in the right row, respectively. The dimensions between the fields vary slightly due to a different choice of electron dose in the electron beam lithography writing. The SEM images and optical measurements of the two lowest fields are shown in this Article. In both photos, unpolarized white light is incident from the top, perpendicular to the sample. In the first photo, the specular reflection is captured by taking a photo from the top; in the second photo, the scattering created by the metagratings is captured under an angle (around 45°). The color change visible in the photos indicates that only the color around the resonance (orange) is scattered sideways, and the rest of the spectrum (blueish, due to removed orange part of the spectrum) is reflected specularly.
■ DISCUSSION AND CONCLUSIONS
In this work, we demonstrated metasurfaces composed of combined metagratings with tailored angular scattering profiles. Based on a theoretical dipole scattering model, we designed these ultrathin surfaces to realize broad-angle and large-angle scattering profiles. Using nanofabrication, we created Si Mie resonators on a Ag backplane and arranged the differently pitched metagratings in a supercell geometry to scatter light over the desired broad angular range. Combining multiple scatterers within a metagrating unit cell allows further control of the angular response, suppressing higher-order diffraction modes. Specular reflection is strongly suppressed, with 73% and 84% of the incident light scattered into the defined set of angles on resonance, for the broad-angle and large-angle geometries, respectively. Based on the same principles introduced here, extension of the design to 3D functionality and dual polarization can be readily explored. For example, 3D cylinders as scattering units have polarization independent resonance behavior, and they could be placed in hexagonal grids to enable functionality on 3 axes. A further natural step for this work is to realize transparent resonant metagratings by controlling the interaction between suitable stacked Mie resonators, to replace the reflective back plane, in applications where transparency in the off-resonant spectral band is required.
Due to their high scattering efficiency and resonant operation, metagratings can be used in a wide range of applications. The ultrathin resonant metastructures effectively create the functionality of "nanostructured paint", which can find applications in photovoltaics with colored appearance, a topic of great interest recently. By combining metasurfaces with different resonance wavelengths, multiple colored pixels may be envisioned, as well as diffuse surfaces with a white appearance. 26 Similarly, due to the spectral sensitivity, the presented metasurfaces can serve as spectrum splitting architectures in tandem solar cells. Furthermore, the largeangle scattering design can serve to enhance light trapping in thin-film solar cells, improving the effectiveness of coupling to in-plane waveguide modes. Many other applications in geometries that require a tailored (colored) scattering appearance come to mind as well, for example, in controlling emission profiles in solid-state lighting and signaling where the spectral and directional control of light is important.
The metagrating geometry introduced here, with many different length scales, can be readily fabricated in larger volumes using substrate conformal soft imprint lithography (SCIL). 33 A full metagrating master pattern is then first made in a silicon wafer using electron beam lithography, from which a soft imprint stamp is then made that can transfer the pattern into a silica sol−gel that serves as a mask for metasurface etching. Similarly, light scattering metagratings may be directly patterned using SCIL in a suitable high-index sol−gel layer.
■ ASSOCIATED CONTENT * S Supporting Information
The Supporting Information is available free of charge on the ACS Publications website at DOI: 10.1021/acsphotonics.8b01795.
Details about derivation of design equation, analytical antenna theory, and optimization of structure by simulation (PDF)
